determine the variability in inherent optical properties (IOP), photo physiological parameters and primary production (PP) and to assess the effect of IOP on satellite PP algorithms. The absorption coefficients of phytoplankton (a ph ), coloured dissolved organic material (a CDOM ) and nonalgal particles (a NAP ) were higher during May than June and July. A radiative transfer model was used to model the in-water light field based on a ph (case 1) and a ph , a CDOM and a NAP (case 2). When PP was compared using these light fields, there was a 46% difference in estimates. The case 2 inwater light field was coupled to a wavelength resolving satellite model of PP (PP case2 ) and had a low root mean square error (RMS) (0.27 log 10 PP) compared with in situ PP case2 . IOP absorption, especially a CDOM , had a significant effect on the performance of this algorithm, but scattering of light by suspended particulate material had a small effect. A look-up table was generated from the in situ a ph , a CDOM and a NAP measurements, which can be used in conjunction with satellite products to produce satellite maps of PP. There was <25% difference between in situ PP case2 and the satellite PP maps, which suggests that they could be produced routinely and accurately to monitor PP in the Irish Sea and other coastal and estuarine areas.
I N T R O D U C T I O N
Primary production (PP) is an important factor in a number of key marine issues including carbon transfer through the air-sea interface to the pelagic food web (Sarmiento et al., 1998) and the impact of anthropogenic nutrients on marine productivity (Vollenweider, 1992) . A detailed knowledge of phytoplankton dynamics and PP in coastal waters is vital to ensure a scientific basis for coherent management of the coastal environment (Tett et al., 2003) . Conventional monitoring of algal biomass and production often fails to sample on appropriate spatial and temporal time scales and can limit understanding of the impact of human activity on phytoplankton dynamics. Accurate estimates of PP using remote sensing data in coastal areas could provide high-resolution coverage of phytoplankton carbon fixation to aid the monitoring and management of coastal resources.
Empirical models of PP have been studied extensively and are usually based on chlorophyll a (Chl a) but are often geographically specific and therefore have limitations over broader scales. Ryther and Yentsch (Ryther and Yentsch, 1957) pioneered the empirical approach, using a simple regression between log PP and log Chl a concentration, later improved by Eppley et al. (Eppley et al., 1985) . More recently, Campbell and O'Reilly (Campbell and O'Reilly, 1988) derived an algorithm based on Chl a, euphotic depth and photoperiod and found that the correlation between measured and modelled PP was >70%, though less than half of the variability in PP was attributed to Chl a and euphotic depth. Other models have included parameters, such as the optimum rate of chlorophyll-specific carbon fixation in the water column (P seen by a satellite sensor (Behrenfeld and Falkowski, 1997) . Using a data set of 1700 measurements of net PP from a number of marine provinces, Behrenfeld and Falkowski (Behrenfeld and Falkowski, 1997 ) developed a vertical generalized production model (VGPM) that explained 86% of the variance between satellite-derived and -measured observations when P B opt was known; this was decreased to 58% when P B opt was modelled as a function of sea-surface temperature (SST). More recently, Behrenfeld et al. (Behrenfeld et al., 2002) developed a photoacclimation model to estimate P B opt as a function of light and nutrients that explained 80% of the variance in P B opt , but this approach required prior knowledge of in situ nutrient concentrations rather than using only satellite data.
Semianalytical algorithms, that include information on the photophysiology of phytoplankton and the spectral quality of light, have been developed by a number of authors (Bannister, 1974; Lewis et al., 1987; Banse and Yong, 1990) and have incorporated the maximum photosynthetic rate (P B m ) or P B opt and the attenuation coefficient of light. Balch et al. (Balch et al., 1992) showed that the best models did not use information on the light field or used only its relative effects on photosynthesis. Morel (Morel, 1991) and Platt et al. (Platt et al., 1991) proposed algorithms based on phytoplankton photosynthetic responses to changes in spectral irradiance. Morel (Morel, 1991) integrated production over wavelength, time and depth and through derivation of the light utilization index to assess the light energy absorbed by phytoplankton, computed the light energy conversion to organic carbon. The model required knowledge of Chl a, spectral light field in the water column, the maximum quantum yield for growth ( m ) and maximum chlorophyll-specific absorption coefficient (a Ã max ). These can be derived from remotely sensed data or modelled (Morel et al., 1996) . The algorithm explained 82% of the variance in measured PP, over three orders of magnitude of chlorophyll concentration in case 1 waters (Berthon and Morel, 1992) , where the absorption of light is closely related to light absorption by phytoplankton (Morel and Prieur, 1977; Gordon and Morel, 1983) . It is assumed in these waters that the other optical constituents covary with phytoplankton, although this may not always be the case (Siegel and Michaels, 1996) . In case 2 waters, light absorption by total suspended matter (TSM) and coloured dissolved organic material (CDOM) causes a decoupling of phytoplankton absorption and the under-water light field, and accurate retrieval of Chl a and PP in these waters is far more complex and as yet remains unresolved. The estimation of PP from satellite data in these regions requires first retrieval algorithms that can accurately estimate Chl a in the presence of other absorbing optical components and, second, optical models that can accurately model the light field so that the light available for photosynthesis can be quantified.
The Irish Sea exhibits both case 1 and 2 characteristics and provides an ideal location for investigating these issues (Bowers and Mitchelson-Jacob, 1996; Kratzer et al., 2000) . The optical complexity of the Irish Sea is a consequence of regional differences in tidal mixing, freshwater inflow and bathymetry that create distinct hydrographic regions (Gowen et al., 1995) . Coastal regions of the eastern Irish Sea are characterized by low salinity water that reflect the high volume of freshwater inflow (Bowden, 1955) . Waters in this region, especially the mouths of the Dee and Mersey estuaries, north of Anglesey and the Menai Strait, tend to be more case 2 and have a higher content of TSM and CDOM, especially in winter and autumn (Bowers and Mitchelson-Jacob, 1996; . Offshore waters of the western Irish Sea become seasonally stratified each year (Gowen et al., 1995; Horsburgh et al., 2000) . As stratification develops (typically in late April and May), cold water becomes isolated below the thermocline, and the density gradients associated with this 'cold water dome' drive a near surface gyre (Hill et al., 1994) . The low turbulence in the stratified region together with the retentive nature of the gyre (White et al., 1988) creates conditions for a sedimentary environment (Trimmer et al., 2003) , and waters in this region tend to be case 1 in spring and summer. To the south and north of the stratified region, particularly in St. George's Channel and the North Channel, tidal mixing is sufficient to ensure that the water column is vertically mixed throughout most of the year. Stratified western Irish Sea waters are separated from these mixed waters by tidal mixing fronts. The most pronounced of these is the western Irish Sea front which runs approximately from the southwest tip of the Isle of Man to Dublin (Simpson and Hunter, 1974) . The Irish Sea supports economically important fish and shell fisheries, but the ecosystem as a whole is subject to changing anthropogenic pressures. Some fish stocks have declined over recent years, and there is evidence of positive change in SST since 1985 (Planque and Fox, 1998) . The gyre region is particularly important because it retains larvae of Nephrops norvegicus (Hill et al., 1996) and pelagic juvenile fish (Dickey-Collas et al., 1997) . The Irish Sea is clearly enriched with anthropogenic nutrients (Allen et al., 1998; Gowen et al., 2002) that can cause increased PP and biomass, as has been observed in Liverpool Bay (Gowen et al., 2000) . An increase in chlorophyll at the Isle of Man time-series station has also been reported (Hartnoll et al., 2001) .
PP is a key parameter to monitor environmental change. A number of shelf-sea ecosystem models have been developed to simulate PP in the western Irish Sea (Prestidge and Taylor, 1995; Holt and Proctor, 2003; Kelly-Gerreyn et al., 2004) . Most calculate productivity as a function of phytoplankton biomass and mixing but do not include the spectral light field in this optically complex environment. There is increasing understanding of the inherent optical properties (IOP) of the Irish Sea Bowers and Mitchelson-Jacob, 1996; Bowers et al., 1998) ; however, this has not been related to PP. In addition, few studies have focused on the variability in chlorophyll-specific absorption coefficient of phytoplankton (a ph *). Mitchelson et al. (Mitchelson et al., 1986 ) developed empirical models of estimating Chl a biomass from satellite data. Generally, they found that phytoplankton pigment concentration dominated the IOP of the Irish Sea and that CDOM and TSM accounted for negligible noise in Chl a algorithms. In this article, the variability in IOP, phytoplankton physiology and PP in the Irish Sea during May, June and July 2001 is analysed. Existing satellite algorithms are used to estimate PP in the Irish Sea, and we propose a new method of estimating PP using a radiative transfer light model coupled with a wavelength resolving photosynthesis-irradiance model. The effect of absorption by CDOM and phytoplankton and scattering by TSM on this model are assessed, and the model is used with satellite data to generate maps of PP for the Irish Sea. At each station, a vertical profile of temperature and salinity was recorded using a conductivity, temperature and depth (CTD) sensor package (Falmouth Scientific Instruments) mounted on a rosette sampler. The CTD was calibrated for temperature against an ocean temperature module (OTM) temperature sensor mounted on the CTD and for salinity against salinometer measurements on discrete water samples. Vertical profiles of fluorescence were recorded using a Chelsea instrument fluorometer also mounted on the rosette sampler. Fluorescence profiles were used to determine depths for the 4-6 water samples collected in the photic layer down to 1% of surface irradiance. IOP were also determined at a further 15 surface stations (nine in June and six in July).
M E T H O D
Water samples collected for the estimation of dissolved inorganic nitrogen (DIN as NO 3 À þ NO 2 ÀÞ, dissolved inorganic phosphorus (DIP as PO 4 3-) and silicon (Si as SiO 2 ) were filtered using Whatman polyester filters (25 mm, 1.0 mm). Nutrient concentrations were determined using a TRAACS-segmented flow analyser (Bran & Luebbe) employing automated colorimetric methods. Sample concentration was measured against internal and commercial (Ocean Scientific) reference solutions. Participation in an external quality assurance scheme, Quality Assurance of Information for Marine Environmental Monitoring The image shows an area of warmer water to the southwest of the Isle of Man which demarks the western Irish Sea gyre from the colder, more well-mixed water in the North Channel and St. George's Channel. This creates a tidal mixing front which extends approximately from the southern end of the Isle of Man to Dublin. Stations ICW1, 47, Dundalk Bay (DDB), Lambay Island (LAMB) and LBY1 were considered as coastal stations and all other stations as offshore. Station 47 was repeatedly sampled in May and June; station 38A was sampled in May and July. Stations F1, F3, LAMB, NC5, NC7 and LBY1 were classified as mixed on the basis of a variation in temperature <0.5 C. All other stations were stratified. Further stations were sampled for IOP and hydrographic variables (locations not shown).
in Europe (QUASIMEME), provided an independent assessment of the data.
Determination of IOP of the water column and phytoplankton pigments

Phytoplankton pigments
Pigments were extracted from GF/F-filtered water into 2 mL methanol containing an internal standard apocarotenoate (Sigma-Aldrich Company), using an ultrasonic probe (30s, 50 W), following the methods outlined in Llewellyn et al. (Llewellyn et al., 2005) . Extracts were centrifuged to remove filter and cell debris (5 min at 4000 g) and analysed using reversed-phase high-performance liquid chromatography (HPLC) (Hypersil 3 mm C8 MOS-2) with gradient elution, as described in Barlow et al. (Barlow et al., 1997) , using thermo-separations instrumentation with photodiode array spectroscopy (PDA) and Chrom-Quest software. Pigments were identified using retention time and spectral match using PDA (Jeffrey et al., 1997) , and pigment concentrations were calculated using response factors generated from calibration, using a suite of pigment standards (DHI Water and Environment, Denmark).
Phytoplankton and nonalgal pigment absorption coefficients
The absorption coefficients of total particulate and detrital material retained on GF/F filters were measured before and after pigment extraction using NaClO 1% active chloride from 350 to 750 nm at a 1 nm bandwidth using a dual beam Hitachi U-3310 spectrophotometer retrofitted with a spectralon-coated integrating sphere, following the methods of Tassan and Ferrari (Tassan and Ferrari, 1995) . Three replicates of each sample were frozen onboard the ship in liquid nitrogen, and absorption coefficients were determined in the laboratory no more than 3 months after the sample was taken. The spectrophotometer was calibrated using holium oxide filters every 5 days. Correction for pathlength amplification on the filters was carried out using the methods of Tassan and Ferrari (Tassan and Ferrari, 1998) on both the particulate and detrital fractions. Phytoplankton absorption coefficients were derived from the difference between total particulate and detrital fractions. Further details of the measurement protocol can be found in Blondeau-Patissier et al. (BlondeauPatissier et al., 2004) and Tilstone et al. (Tilstone et al., 2004) . Nonalgal particles (NAP) slopes (S NAP ) were calculated using an offset exponential fit from 350 to 550 nm as in Babin et al. (Babin et al., 2003) .
CDOM
Replicate seawater samples were filtered through 0.2-mm Whatman nuclepore membrane filters using preashed glassware. The first two 0.25 L of the filtered seawater were discarded. The absorption properties of the third sample were determined immediately on a Perkin-Elmer lambda-2 spectrophotometer and a 10-cm quartz cuvette from 350 to 750 nm, relative to a bidistilled MilliQ reference blank. a CDOM () was calculated from the optical density, and the cuvette pathlength and baseline offset were subtracted from a CDOM . CDOM slopes (S CDOM ) were calculated using an offset exponential fit which corrects for water absorption effects >700 nm, following the methods outlined in Babin et al. .
TSM
About 47 mm, 0.7 mm GF/F filters were preashed at 450 C and then prewashed for 5 min in 0.5 L of MilliQ to remove friable fractions that can be dislodged during filtration. The filters were then dried in a hot air oven at 75 C for 1 h, preweighed and stored in a desiccator ( Van der Linde, 1998; Tilstone et al., 2004) . Seawater samples were filtered in triplicate onto the filters and then washed three times with 50 mL MilliQ to remove residual salt. Blank filters were also washed with MilliQ. The filters were then dried at 75 C for 24 h and weighed on a Sartorius R-200D semimicrobalance (detection limit 10 mg).
14 C in situ gross-integrated PP Photosynthesis-irradiance experiments were conducted in photosynthetrons illuminated by 50 W, 12 V tungsten halogen lamps, following the methods described in Tilstone et al. (Tilstone et al., 2003) . Each incubator houses 14 subsamples in 0.125-L polycarbonate bottles (Arbones et al., 2000) , which were inoculated with between 185 kBq (5 mCi) and 370 kBq (10 mCi) of 14 C-labelled bicarbonate. Before inoculation, all bottles were precleaned following Joint Global Ocean Flux Study (JGOFS) protocols (IOC, 1994) to reduce trace metal contamination. The samples were maintained at in situ temperature using a digital temperature controller. After 1-2 h of incubation, the suspended material was filtered through 25-mm Whatman GF/F filters at a vacuum pressure of <20 cm Hg. The filters were exposed to concentrated HCl fumes for 12 h, immersed in scintillation cocktail, and 14 C disintegration time per minute (DPM) was measured on a Beckman LS6000 SC liquid scintillation counter using the external standard and the channel ratio methods to correct for quenching. The broadband light-saturated Chl a-specific rate of photosynthesis P )] at each position in the incubator and for each sampling depth was estimated, according to Dubinsky (Dubinsky, 1980 ) was estimated using a bio-optical model (Tilstone et al., 2003) that inputs E PUR , Chl a and the spectral photosynthetic parameter E K(PUR) (z) and integrates PP at minute by minute intervals, down to 1% irradiance depth:
Remote-sensing algorithms of PP Three satellite models were used to estimate PP. Each model could be operated using satellite-derived variables (ocean colour or SST) and meteorological data from models or satellites, but to test model capability and to compare satellite model estimates with in situ PP, we used in situ values of Chl a-derived from HPLC and PUR irradiance-derived from both the case 1 and 2 in-water light fields (see below).
Empirical model
The first model was the empirical model of Behrenfeld et al. (Behrenfeld et al., 1998) , which uses Chl a to derive integrated PP (AEPP) as follows:
log 10 PP EMP ¼ 0:559 log 10 Chl a þ 2:793 ð2Þ
VGPM model
The second model was the VGPM of Behrenfeld and Falkowski (Behrenfeld and Falkowski, 1997) which was driven by Chl a:
where P B opt is the optimum rate of chlorophyll-specific carbon fixation in the water column, Z eu is the depth of the 1% light level, C opt is the chlorophyll concentration at P B opt , E 0 is surface daily PAR and D irr is the photoperiod irradiance. Z eu was computed from Chl a, following the relationships of Morel and Berthon (Morel and Berthon, 1989) . Initially P B opt was derived from SST using the polynomial relationship from Behrenfeld and Falkowski (Behrenfeld and Falkowski, 1997) . Photosynthesis has a temperature dependency since it is an enzyme controlled process but it is not the only variable that affects P B opt , and more recently Behrenfeld et al. (Behrenfeld et al., 2002) derived P B opt from a photoacclimation model based on mean daily irradiance over the water column and a knowledge of whether the phytoplankton assemblage is nutrient replete or deplete. We also used the photoacclimation model to estimate P B opt .
Wavelength-resolving model
The third model was the wavelength resolving model of Morel (Morel, 1991) :
where a Ã max is the maximum Chl a-specific phytoplankton absorption coefficient, m is the maximum quantum yield for growth, Chl a is the Chl a concentration and f(x(z,t)) is a function that relates photosynthesis to scaled irradiance, where x is the scaled PUR value. The algorithm was implemented following Morel (Morel, 1991 ) with a few modifications: the inwater, downwelling light field was computed using either the case 1 light field following Morel (Morel, 1988) or the case 2 light field using the radiative transfer model approach developed by Smyth et al. (Smyth et al., 2005) . In situ depth profiles of Chl a were used to force the model, and the above surface, downwelling light field was computed assuming 96.7% of the incident spectral PAR was transmitted through the airsea interface (Kirk, 1984) . The effect of temperature on photosynthesis was reproduced by adopting a relationship between K PUR and temperature as per Morel (Morel, 1991) . Satellite-derived SST was used to modify the modelled physiological behaviour of phytoplankton using K PUR . The variables m and a Ã max were parameterized using Chl a following Morel et al. (Morel et al., 1996) , and a ph * was taken from Bricaud et al. (Bricaud et al., 1995) .
The light field
Above water
The above-water spectral light field was generated for each station using the Gregg and Carder (Gregg and Carder, 1990 ) model run at 5 nm wavelength and 30-min time resolution. The input meteorological and ozone data were obtained from National Centers for Environmental Prediction (NCEP) and Earth-Probe Total Ozone Mapping Spectrometer data (EPTOMS), respectively. Cloud fields were obtained from European Centre for Medium Range Weather Forecasts (ECMWF) model output and used to modify the above-water light field, following Reed (Reed, 1977) .
Case 1 inwater
The light field was propagated through the water column by calculating the spectral attenuation coefficient for downwelling irradiance following the methods of Morel (Morel, 1988) as follows:
where K w and K Chl a are the pure water and chlorophyll components, respectively, and z is depth.
Case 2 in-water light field
In case 2 waters, the optical signal is complicated by the presence of other absorbing and scattering substances, and equation (5) no longer holds. Liu et al. (Liu et al., 1999) found that, when compared with a complex radiative transfer equation (RTE), the Morel (Morel, 1988) modelled light field produces substantial error in simulating the profile of irradiance from a chlorophyll profile. In addition, use of the RTE allows inclusion of the IOP of other substances, as well as chlorophyll, that contribute to the total absorption and scattering in case 2 waters. Therefore, coupling an RTE to the Morel (Morel, 1991) production model allows values of PP to be retrieved in optically complex case 2 waters. The radiative transfer code HYDROLIGHT (Mobley, 1995) was used, and the water radiatively partitioned into three components: (i) pure water, (ii) particulate matter and (iii) CDOM. The absorption component of the IOP can be represented as follows:
where the subscripts p and w refer to the particulate and pure water (Pope and Fry, 1997 ) components, respectively, and A Chl (l) is the normalized (to 400 nm) spectral absorption values of phytoplankton pigments. The values of a CDOM (l,Z) were taken from in situ measurements. The scattering IOP are described similarly
where b w (l) is calculated following Morel (Morel, 1974) , and b p (l) was calculated from the Medium Resolution Imaging Spectrometer (MERIS) processing code (Doerffer, 2002) . In the scattering calculations, the phase function of pure water (Mobley, 1994) was used for component 1, and the Petzold (Petzold, 1972) phase function was used for component 2; component 3 (CDOM) is considered to be nonscattering. The HYDROLIGHT code was run for the 15 stations in the Irish Sea using measured profiles of Chl a, CDOM and TSM. The second order effects of chlorophyll fluorescence, CDOM fluorescence, bioluminescence and Raman scattering were not considered. The code was run at 5 nm resolution between 400 and 700 nm and at 1-m depth resolution. Both the Morel (Morel, 1991) and Tilstone et al. (Tilstone et al., 2003) models were forced using the above-water light fields calculated using the Gregg and Carder (Gregg and Carder, 1990 ) model. The case 1 light field was propagated through the water column using equation (6) to allow for the calculation of production (hereafter PP case1 ) using both production models. The scalar irradiance, Eo(l), was calculated using HYDRO-LIGHT [with equations (6)-(8) describing the IOP] and was then used to drive the production models using the resulting case 2 light field (hereafter PP case2 ). To assess the effect of the IOP on the Morel model, we ran it using CDOM, Chl a and TSM profiles in HYDROLIGHT as follows (i) in situ Chl a profiles only, (ii) in situ Chl a and CDOM profiles, (iii) in situ Chl a, CDOM and TSM profiles and (iv) in situ Chl a, CDOM, TSM and the a ph -Chl a relationship found for the Irish Sea.
Running the production model on a station by station basis requires a priori in situ knowledge of the IOP to force the RTEs of HYDROLIGHT and then couple the light field output to the production model. In order to be able to run the production model using just satellite data, the HYDROLIGHT-photosynthesis coupled model was reduced to a five-dimensional production look-up table (PLUT) based on HYDROLIGHT runs for 27 values of chlorophyll and 25 values of a CDOM (400 nm). Further details of the PLUT and how it was generated are given in Smyth et al. (Smyth et al., 2005) . Daily satellite maps of PP were then produced for each day during May and July 2001 using the moderate resolution imaging spectroradiometer (MODIS) standard products: MODIS_-Chla_3, CDOM, PAR and SST as input to the PLUT. To validate the satellite maps, averages of PP from 9 Â 9 pixel around each station sampled were used. This resulted in only three in situ matches, so as to increase the number of validation match up points, PP was calculated based on the mean value for clear images during each cruise which increased the number of validation points to 11.
Statistical analysis
Kolmogrov-Smirnov with Lilliefors tests were used to check whether the distribution of each variable was normal (Sokal and Rohlf, 1997) . PP was log transformed so that no significant difference was found between the expected and the observed distributions. One-way analysis of variance (ANOVA) was used to test whether there were significant differences between hydrographic areas. The ANOVA results are given as F 1, 108 = x, P = y, where F is the mean square to mean square error ratio, the subscript numbers denote the degrees of freedom and P is the ANOVA critical significance value. In situ and modelled PP data are independent (no prediction) and are both subject to error. Model II linear regression was therefore used to assess PP model accuracy, since it minimizes the areas between the data points and the best line of fit. The root mean square error (RMS) for discrete samples was used to assess the accuracy of each PP satellite model against the in situ measurements.
R E S U L T S Hydrography, nutrients and Chl a
In May 2001, the maximum near surface temperature (14.1 C) was recorded at the Irish coastal station 47 (Fig. 2a) , and at station 38A the highest temperature was 12.0 C (Fig. 2b ) and 9.7 C at station F1 (Fig. 2c) . A pronounced vertical gradient in temperature was observed at stations 47 and 38A with near surface (3 m) to bottom differences in temperature of 3.1 and 3.3 C, respectively ( Fig. 2a and b) . At station F1, it was 0.21 C m -1 (Fig. 2c) . Near surface salinity ranged from 33.87 at station 47 (Fig. 2a) to 34.60 at station F1 (Fig. 2c) . Salinity stratification was evident at the Irish coastal station with a near surface to bottom difference of 0.49. Offshore vertical gradients in salinity were 0.18 at 38A (Fig. 2b ) and 0.02 at F1 (Fig. 2c) . Fewer stations were worked in June, but the horizontal and vertical distribution of temperature and salinity were similar to that observed in May. Relative to offshore waters, lower salinity water was found in Irish coastal waters. The Irish coastal station Dundalk Bay (DDB) was weakly stratified with near surface to bottom differences in temperature and salinity of 0.3 and 0.05 C, respectively (Fig. 2d) . At station 38A, there was a 2.5 C gradient in temperature between 3 and 42 m and a 0.17 salinity gradient over the same depth range (Fig. 2e) . Vertical gradients in temperature and salinity at the coastal station Lambay Island (LAMB) were 0.1 and 0.05 C, respectively (Fig. 2f) . The water column at station F1 was isothermal over a depth of 32 m, and there was a salinity gradient of 0.06 over the same depth range (data not shown).
During the July cruise, stations in five different regions of the Irish Sea were worked, and a marked contrast in water column structure was evident. The Irish coastal station (ICW1) was thermally stratified with a vertical gradient of 1.1 C between depths of 3 and 24 m (Fig. 2g) . In contrast, the water column at the eastern Irish Sea station LBY1 was isothermal with a temperature of 14.2 C (data not shown). Station 38A was also thermally stratified with a 1.5 C difference over the euphotic depth but a small change in salinity (0.03) over the same depth (Fig. 2h ). There was a small vertical temperature gradient (0.1 C between 3 and 59 m) in St. George's Channel (station SG4) which compared with a gradient of 4.1 C between 3 and 100 m at offshore waters of the western Irish Sea (WI8; data not shown). At station WI8, in offshore waters of the western Irish Sea, the salinity gradient between 3 and 100 m was 0.15. In coastal waters, vertical gradients in salinity were 0.07 (LBY1) and 0.10 (ICW6), and in St. George's Channel the near surface to bottom difference in salinity was 0.02 (data not shown). Weak stratification of the water column was evident in the North Channel in July (NC5; Fig. 2i ). At this station, there was a 0.8 C gradient in temperature between 3 and 49 m.
Regional differences in near surface (upper 20 m) concentrations of dissolved inorganic nutrients were evident during the May and July surveys (Table I ). In May, concentrations of all three nutrients were depleted at the western Irish Sea stations 47 and 38A relative to concentrations at stations F1 and F3. Maximum coastal water concentration of DIN and DIP were 0.54 and 0.23 mM, respectively, in July, and maximum concentrations of near surface DIN and DIP were measured in the North Channel at NC7 and St. George's Channel at SG7 and SG4. Nutrients were determined at only one station (47) in June 2001, where DIN and DIP were also depleted (Table I) .
At the time of the May survey, there was a marked difference in chlorophyll standing stock at stations 47 and 38A and stations F1 and F3 (Table I ). The maximum standing stock (79.04 mg m -2 ) was measured at station 47 in coastal waters of the western Irish Sea, and there was a pronounced subsurface Chl a maximum of 6.78 mg m -3 at a depth of 12 m (Fig. 2a) . The lowest standing stocks were measured at station F1 (27.55 mg m -2 ), where Chl a concentrations were 1.5 mg m -3 (Fig. 2c) . In June, there was a subsurface Chl a maximum of 5.90 mg m -3 at a depth of 24 m at station 38A ( Fig. 2e) . At station LAMB, the maximum Chl a was 5.8 mg m -3 at 7 m (Fig. 2f) , and there was the highest standing stock of Chl a in June (Table I) . At station DDB, the highest value was 3.0 mg m -3 (Fig. 2d) . By July, the regional differences in chlorophyll biomass observed in May had largely disappeared. Chlorophyll concentrations ranged from 1.63 at station SG4 to a maximum of 4.47 mg m -3 at NC7, and standing stock ranged from a maximum of 98.85 mg m -2 at NC5 (Fig. 2i ) in the North Channel to a minimum of 32.24 mg m -2 at SG4 in St George's Channel (Table I) .
IOP of the water column
Values of a CDOM at 442 nm varied by a factor of seven between May, June and July (Fig. 3a, d and g ). In May 2001, a CDOM (442) was comparatively higher in surface waters at station 47 indicating the possible influence of riverine run off and was a factor of two lower in the gyre (stations 38A) and North Channel (Station F1). a CDOM (442) further decreased outside the gyre at station F3 (Fig. 3a) , where phytoplankton dominated the absorption (Fig. 3b) . S CDOM values were comparatively low (Table I ) possibly indicating CDOM of humic origin (Bricaud et al., 1981) and remained relatively constant between stations (Table I) . There was little variation in a NAP (442) during May (Fig. 3c ). TSM and a ph *(442) were also comparatively higher at station 47 and lower at F1 (Table I and Fig. 3b) . In June 2001, a CDOM (442) was at least 50% lower than in May at gyre stations 47, DDB and LAMB also located close to the coast (Figs 1 and  3d) . By comparison, a ph * values were nearly two times lower at stations 47 and LAMB (Fig. 3e) reflecting the higher Chl a concentrations encountered in June 2001, and a NAP (442) values were at least twice those in May at station LAMB (Fig. 3f) . TSM concentrations were similar to the May values (Table I ). In July 2001, a CDOM (442) was low at all stations (max $0.01 m -1 ; Fig. 3g ) indicating that by the summer, in June and July 2001, all stations sampled were case 1. a NAP (442) was between 0.02 and 0.08 m -1 in July (Fig. 3i ) and slightly higher than in May but lower than in June at station LAMB, reflecting the changing temporal pattern in Chl a. In July 2001, a ph *(442) values were similar to the values in May and June 2001, except at station WI8 (Fig. 3h) . TSM values in July were generally higher than May and June (Table I) . A temporal trend in the relative contribution of each component to the total absorption was observed. In May, on average, 37% of absorption in the water column was because of a CDOM , with only 12% in June and 10% in July when most of the Irish Sea was typically case 1. Absorption owing to a NAP increased from 9 in May to 48% in June and July. The contribution of phytoplankton absorption (a ph *) accounted for up to 54% of the total absorption in May and represented $40% of the total absorption in June and July.
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For all months, a ph values were significantly higher at the coast (F 2, 61 = 12.19, P < 0.001) compared with offshore stations in the North Channel and South of the gyre. We found that a ph (440 nm) = 0.0206<Chl> 0.559 (Fig. 4a) . Using the range in Chl a over all stations and calculating the residuals between these Chl a and a ph values using both this relationship and that of Bricaud et al. (Bricaud et al., 1995) , there was no significant difference between each model (F 1, 65 = 0.005, P = 0.942). The ratio a ph (443):a ph (674) decreased linearly from May to July, although some coastal stations in June (DDB) and July (ICW1) showed higher red : blue absorption ratios (Fig. 4b) , suggesting a different pigment composition and packaging at the coast. Fucoxanthin and 19-hexanoyloxyfucoxanthin concentrations, respectively, the marker pigment for diatoms and prymnesiophytes, and b-carotene, indicative of photoprotective pigments, generally decreased from May to July (Fig. 4c) . By comparison, peridinin, the marker pigment for photosynthetic dinoflagellates, was comparatively low in May and June at all but one of the stations and increased in July (Fig. 4c) . For all months, a NAP (442) was also significantly higher at the coast (F 2, 61 = 9.76, P = 0.004) compared with offshore stations. Regarding the a NAP -Chl a relationship, for all months a NAP (442) = 1.19<Chl> 0.303 ( Fig. 4d) .
We used mixed layer depth (based on a variation in temperature >0.5 C) to differentiate mixed and stratified stations. In May 2001, stations F1 and F3 were classified as 'mixed' and stations 38A and 47 were 'stratified' indicating that the gyre was established at the latter stations by May. In June 2001, stations 38A and DDB were stratified, whereas station LAMB was mixed. In July 2001, stations in the North Channel, St. George's Channel and close to the Anglesey coast were still 'mixed', whereas all stations in the gyre were 'stratified' (stations 38A, WI8 and ICW1). Based on this segregation and over all months, we found no significant difference in Chl a, a ph , a NAP and TSM between 'stratified' and 'mixed' stations; however, there was a significant difference in a CDOM (F 1, 20 = 4.82, P = 0.041). 
Photophysiology and PP
In May 2001, a B was higher at stations 38A and F3 compared with station F1 in the North Channel (Table II) , where P B m was also high indicating low-light adaptation at station F1. m was much lower near to the coast at station 47 compared with the other stations, which resulted in very high PP especially when using the case 1 light field. In June 2001, a B and P B m were comparatively lower at station 47 which also resulted in high PP. P between 'stratified' and 'mixed' stations.
In May 2001, at stations 38A and 47, it was evident that the phytoplankton spring bloom was in progress (mean PP = 1280 mg C m -2 day -1 ; Table II ). In contrast, at stations F1 and F3, the data suggest that the production season had not yet begun (mean PP = 354 mg C m -2 day -1 ). By July, there were similar values at gyre (mean PP = 1200 mg C m -2 day -1 ) and nongyre stations (mean PP = 1020 mg C m -2 day -1 ) indicating that the production season in the North and St. George's Channels had commenced. PP computed from the case 1 light field was higher in May, but for the case 2 light field there was little difference in PP between months (Table II) . For all months, significantly higher PP case1 values were computed at coastal stations (F 1, 17 = 14.87, P < 0.001) compared with offshore stations.
Estimates of PP were compared considering the case 1 and 2 light fields (Fig. 5a ). There was a significant difference between the estimates (F 1, 35 = 15.23, P < 0.001), and the PP case1 model estimated PP to be on average, 46% higher. The difference was greatest in May (66%) when a CDOM levels were highest and lowest in July (23%) when a CDOM and a NAP values were lower.
PP satellite algorithms
Results from the four satellite PP algorithms using in situ data as input are also plotted against in situ PP case2 in Fig. 5 . The empirical algorithm (PP EMP) exhibited a high amount of scatter with a very poor slope and explained a low percentage of variance (Fig. 5b) . The VGPM (BF97) using P B opt from SST (Fig. 5c ) improved the regression, but the explained variance was still small, the RMS was relatively high and PP was overestimated. The BF97 using P B opt from the photoacclimation model (Fig. 5d ) and the M91 (Morel, 1991) model with the case 1 in-water light field (Fig. 5e) gave the most accurate estimates of PP, but there was a large offset because of an over estimate of PP at low in situ PP case2 for both models. Figure 6 gives log-log plots and model II regression of in situ PP case2 and the Morel (Morel, 1991) model coupled with the radiative transfer model using (i) in situ Chl a profiles only (Fig. 6a) , (ii) in situ Chl a and CDOM profiles (Fig. 6b) , (iii) in situ Chl a, CDOM and TSM profiles (Fig. 6c) and (iv) in situ Chl a, CDOM and TSM profiles plus the a ph -Chl a relationship given in Fig. 4a (Fig. 6d) . All case 2 data input variations using the Morel (Morel, 1991) model showed a lower RMS and had a slope closer to 1 and a lower intercept (Fig. 6b-d ) compared with the VGPM using P B opt from the photoacclimation model (Fig. 5d) . Satellite maps of PP for 21 May and 25 July 2001 are given in Fig. 7a and b , and the respective validation of these maps is given in Fig. 7c . On 21 May 2001, PP was higher in the gyre, along the southeastern Irish Coast and in the Solway Firth, Dee and Mersey estuaries on the western English Coast (Fig. 7a) . Within the gyre and especially near the gyre front, there was high spatial variability in PP of >1000 mg C m -2 day -1 between the centre of the gyre and the front where eddy type filaments were present. PP in the North and St. George's Channels and east of the gyre were at least two times lower than in the gyre. There was no satellite coverage for the sampling stations in June 2001. In July, there were fewer cloud free days and there was little satellite coverage of the gyre and the North Channel. Compared with May 2001, PP values on the western English Coast increased, whereas in St. George's Channel they decreased (Fig. 7b) . The satellite-derived PP explained 50% of the variance of in situ PP case2 (Fig. 7c) and exhibited a lower RMS to the Morel (Morel, 1991) model using in situ Chl a, CDOM and TSM (Fig. 6d) . For all data, the difference between the satellitederived and in situ PP was 35%. Satellite PP was overestimated at station 38A and F1 in May 2001, and when these stations were omitted there was <25% difference between in situ and satellitederived PP. The satellite maps were generated using daily moderate resolution imaging spectroradiometer_Chla_3 (MODIS_Chla_3) fields, a look-up table to generate the light field from HYDROLIGHT, and the wavelength resolved photosynthesis-irradiance model of Morel (Morel, 1991) .
D I S C U S S I O N Spatial and temporal variation in IOP
The 2001 temperature and salinity data are consistent with previous descriptions of the seasonal evolution of hydrographic regions in the Irish Sea (Gowen et al., 1995; Horsburgh et al., 2000) . That is, stratification of the water column in offshore waters of the western Irish Sea begins in late April/early May. Stratification intensifies during June and July, and this region is separated from mixed water in St. George's Channel and in the eastern Irish Sea by a tidal mixing front. The pronounced vertical gradients in temperature and salinity (3.3 and 0.18 C, respectively) in offshore waters of the western Irish Sea (station 38A) show that this region was already stratified by the time of the May survey. The small temperature ( 0.21 C) and salinity gradients ( 0.08) at stations F1 and F3 were probably insufficient to stratify the water column. By July, stratification of the western Irish Sea had intensified (near surface to bottom temperature difference at 38A = 4.1 C), F1 was weakly stratified and F3 was isothermal. To the south, water in St. George's Channel was also vertically mixed in July. However, the distinction between stratified western Irish Sea water and waters in the southern end of the North Channel is less clear, because the latter was weakly stratified in July (Fig. 2i) .
Most of the studies of IOP in the Irish Sea have focused on the absorption and scattering of TSM. Bowers and Mitchelson-Jacob (Bowers and Mitchelson-Jacob, 1996) showed that scattering exceeds absorption in the Irish Sea because of a higher ratio of inorganic TSM to organic TSM. However at the stations, when we sampled in the Irish Sea in 2001, TSM values were low and comparable with concentrations measured in the western Irish Sea between 1982 and 1988 (Aldridge et al., 2003; Bowers, 2003) and in the English Channel . They were, however, significantly higher in July which may be related to higher mixing, as indicated by the T & S profiles (Fig. 2h and i) or the stage of the tidal cycle at which the stations were sampled.
Variations in a CDOM from 0.01 to 0.1 m -1 occur in oceanic waters and from 0.04 to 20.0 m -1 in coastal, estuarine and inland waters (Kirk, 1984) . A seasonal trend in a CDOM in coastal areas can often be observed, with higher values in winter, early spring and late autumn and lower values in summer which can often be negatively correlated with salinity (Warnock et al., 1999; Vecchio and Blough, 2004) . Kratzer et al. (Kratzer et al., 2000) found in the Menai Straits in 1996 that a CDOM at 440 nm varied between 0.06 and 0.25 m -1 , with lower values in March and higher values in August which they related to an increase in bacterial activity in summer. We observed a similar range in a CDOM close to the eastern Irish Coast in 2001, but values were higher in May than in July. Bowers and Mitchelson-Jacob (Bowers and Mitchelson-Jacob, 1996) reported that in June and July, 1982, the relative contribution to the total absorption was 43% by phytoplankton, 25% by nonalgal particles (NAP) and 20% by CDOM. We observed a similar trend in June and July for phytoplankton, but the percentage of absorption by NAP was higher and CDOM was lower but this changed in May 2001, when CDOM accounted for a higher percentage of the absorption. This contrasts with case 1 waters where phytoplankton typically account for 73% of the total absorption and NAP account for 27% (Bricaud et al., 1998) . S CDOM varies between 0.011 and 0.020 nm -1 from marine to freshwater environments (Kowalczuk, 1999) and is dependent on the proportion of humic and fulvic acids (Carder et al., 1989) . Mean S CDOM of 0.014 nm -1 is typical of case 1 waters (Bricaud et al., 1981; Carder et al., 1989) and estuaries of the Irish Sea (Bowers et al., 2004) . We observed a mean S CDOM over all months of 0.013 nm -1 , which increased from 0.011 nm -1 in May to 0.016 nm -1 in July (Table I) , possibly indicating a change from humic in May to fulvic acidtype CDOM in July. Binding et al. (Binding et al., 2003) reported a mean S CDOM of 0.016 nm -1 in the Irish Sea in 2000-2001, which is similar to our July 2001 value (Table I) . Babin et al. (Babin et al., 2003) also observed a mean S CDOM for the North Sea of $0.017 nm -1 . The spatial analysis showed that there was a significant difference in a CDOM and a NAP between coastal and offshore stations. We also found that over all months, a CDOM was higher in mixed waters compared with stratified waters. This is consistent with the above since the mixed stations were typically nearshore and therefore more likely to be influenced by freshwater. However, salinity only explained &30% of the variation in CDOM. Salinity also explained >50% of the variation in Chl a, which is consistent with higher Chl a values near the coast. In May, the a CDOM values were approximately twice as high in the gyre compared with stations F1 and F3 outside the gyre. The reason for this is not known but may have been because of retention of CDOM within the gyre or the accumulation of CDOM as a result of increased bacterial activity associated with the spring phytoplankton bloom which took place during May. After May, all areas of the Irish Sea sampled were principally dominated by phytoplankton, and therefore case 1 and the influence of terrestrial riverine input was small.
Over a range of case 1 waters, Carder et al. (Carder et al., 1989) (Bowers and Mitchelson-Jacob, 1996) estimated that the average a ph *(440) was 0.020 m -2 mg Chl a -1 . We observed that a ph * could reach twice this value in May 2001 but were generally lower in June, which would suggest an increase in cell size, pigment packaging and accessory pigment content from May to June (Bricaud et al., 1995) . In July, a ph * increased again especially at station WI8. The a ph red : blue absorption ratio decreased linearly with increasing Chl a concentration from May to July, and the comparatively higher peridinin concentrations in July indicated the presence of large photosynthetic dinoflagellates and a lower concentration of both 19-hexanoyloxyfucoxanthin and fucoxanthin indicating fewer small prymnesiophytes, which may partly explain the linear decrease in a ph * from May to June. The a ph red : blue absorption ratio outliers in Fig. 4b were from coastal stations in June and July and possibly indicate different species and pigment content at the coast. In eutrophic waters, where phytoplankton are the main light absorbing component and selfcompete for light, there can be a 10-fold variation in a ph * (Bricaud et al., 1995) , and therefore assuming a constant a ph * for PP models can result in a significant bias (Babin et al., 1993) . The power law commonly used for case 1 waters is a ph (440) = 0.0403<Chl> 0.668 (Bricaud et al., 1995) , and although we found this relationship to be lower in the Irish Sea, a ph (440) = 0.0263<Chl> 0.559 , there was no significant difference between the two models.
S NAP remains constant over a range of water types and locations: in case 1 waters including the Peruvian upwelling, Sargasso Sea, Mediterranean, North Atlantic and Pacific. Bricaud et al. (Bricaud et al., 1998) found mean S NAP to be 0.011 nm -1 . Babin et al. reported a value of 0.012 nm -1 over a range of cases 1 and 2 European waters, and Ferrari et al. reported 0.011 nm -1 for many European coastal waters and it has been suggested that 0.011 nm -1 is valid for remote sensing type algorithms for use over broad scales. In case 1 waters, the relationship between a NAP and phytoplankton biomass is well defined (Bricaud et al., 1998) . In the Irish Sea, this relationship was higher (a NAP = 1.186<Chl> 0.281 ) than previously reported for case 1 waters (Bricaud et al., 1998) , reflecting the high content of detrital material possibly from nonphytoplankton sources through resuspension and river run off especially in May. During May, June and July, 2001, we found that the S NAP varied little over the stations sampled (mean = 0.011 nm -1 ; Table II) . Similarly, Bowers et al. observed in the same area during July and August 1993-1995 that the mean S NAP was 0.011 nm -1 .
Spatial and temporal variation in photophysiology and PP
The most productive ecosystems in the world are the upwelling zones where carbon fixation rates can be >7500 mg C m -2 day -1 off Peru (Montecino et al., 2004) and >5000 mg C m -2 day -1 off the northwestern African coast (Shannon and Field, 1985) . Although coastal regions represent only 10% of the surface area of the global ocean, they account for up to 30% of the global PP (Wollast, 1998) , whereas upwelling zones represent 0.1% of the surface area of the global ocean and account for 0.5% of the global production (Ryther, 1969) . In certain areas, coastal production can be higher than in upwelling zones: along the US coast exceptional phytoplankton blooms result in PP values of >10 000 mg C m -2 day -1 in the Mississippi River plume (Lohrenz et al., 1999) and >3000 mg C m -2 day -1 in Chesapeake Bay (Harding et al., 1986) . In the European coastal zone, the most productive waters are in the Atlantic/North Sea area where PP is typically >600 mg C m -2 day -1
and lowest in the Mediterranean where mean annual rates are as low as 250 mg C m -2 day -1 (Gazeau et al., 2004) . In the Wadden Sea, PP can vary between 5 and 2200 mg C m -2 day -1 with an annual mean PP of 500 mg C m -2 day -1 (de Beer et al., 2005) . By comparison, Gowen and Bloomfield (Gowen and Bloomfield, 1996) reported PP values of >5000 mg C m -2 day -1 in June 1992 in the western Irish Sea. Phytoplankton production is dependent on vertical mixing which determines light and nutrient levels (Holligan and Groom, 1986) . The physical variability in the Irish Sea between the stratified waters west of the Isle of Man, the mixed waters in the North Channel and southern Irish Sea and tidal and terrestrial influenced waters at the coast can result in a high variability in biomass and PP in the western Irish Sea. Some of this variability is associated with frontal systems (Richardson et al., 1985) but is also the result of spatial and temporal differences in the development and intensity of stratification. Gowen and Bloomfield (Gowen and Bloomfield, 1996) , e.g., reported large spatial difference in PP over 30 km. In May 2001, we found significantly higher production at coastal stations compared with offshore stations. In the North Channel, there is a net northerly outflow adjacent to the Scottish coast and a intermittent southerly flow close to northern Irish coast. The seasonal development of stratification has a pronounced effect on phytoplankton growth. Gowen and Bloomfield (Gowen and Bloomfield, 1996) describe what appears to be a 'wave' of production, which begins during March and early April in Irish coastal waters and progresses later in more offshore and northern Irish waters as stratification and the formation of a shallow (&20 m) surface mixed layer occurs, which was also evident in May 2001.
At station 38A in the gyre, it was evident that the phytoplankton production season was in progress and phytoplankton had relatively high P B m or low m (Table II) . There had been a significant drawdown of dissolved inorganic nutrients in surface waters (Table I ) and the upper 20 m, Chl a standing stock was 79 mg m -2 with a pronounced subsurface Chl a maximum and a CDOM was comparatively high. In contrast, at stations F1 and F3, the data suggest that the production season had not begun. Concentrations of nutrients (8.9-11.9 mM DIN and 0.6-0.8 mM DIP) were typical of late winter concentrations (Gowen and Stewart, 2005) , and Chl a concentrations did not exceed 1.5 mg m -3 . In June, PP was higher at stations LAMB and DDB than at station 47 as a result of the >2-fold difference in P B m . Using the case 2 light field, however, there was little difference in PP between May and June. By July, there were similar values between gyre (1200 mg C m -2 day -1 ) and nongyre stations (1020 mg C m -2 day -1 ), and P B m and m were high at both. There appears to be considerable interannual and seasonal variation in PP in the Irish Sea. For example, Gowen et al. (Gowen et al., 1995) reported PP values in spring 1992 of 2378 mg C m -2 day -1 and 4483 mg C m -2 day -1 during the summer. These values could be overestimated however, since they were calculated using a case 1 type light field. Our data showed >45% difference between PP calculated with case 1 and 2 light fields especially during spring, when a CDOM was the highest. This may also be true for other case 2 regions. There is therefore a need for consensus on methods of determining PP, especially in optically complex environments, so that the long-term effects of climate change and nutrient enrichment can be accurately assessed.
The effect of CDOM and TSM on satellite estimates of PP Recent models of PP have led to an improved accuracy of estimates (Behrenfeld and Falkowski, 1997; Kyewalyanga et al., 1997; Behrenfeld et al., 2002) especially in case 1 waters where phytoplankton is the principal absorbing constituent. Little work has been done on PP algorithms for optically complex case 2 waters where CDOM and TSM have a signicant influence on the absorption and scattering properties, yet annual production in coastal and estuarine areas is one of most important in terms of global fish production (Harrison and Parsons, 2000) . The cycle of phytoplankton production in coastal waters is controlled by biological processes, solar radiation, water temperature and physical transport processes (Zhao and Wei, 2005) and can be modified by nutrient loading, river inflow, flushing time, turbidity, DOM changes and top down control (Van Duin et al., 2001) . In coastal, case 2 waters, high TSM and CDOM cause a decoupling of phytoplankton absorption and the under-water light field, and competition occurs between phytoplankton, NAP and CDOM for light in the blue visible portion of the spectrum (Kirk, 1984) . Light-driven PP is strongly influenced by the transparency of the water and in coastal waters can be affected by sediment dynamics and CDOM and influenced by wind speed, waves, water depth and sediment composition (Van Duin et al., 2001) . Smaller particles, such as silt and clay, have a higher PAR attenuation effect than larger particles since they have a longer residence time in the water column. Highwater turbidity and short vertical mixing times can prevent phytoplankton from photoacclimating and, hence, decrease PP (Joint and Pomroy, 1981; Shaw and Purdie, 2001; Jassby et al., 2002) . High CDOM can cause a significant reduction in phytoplankton biomass (Twardowski and Donaghay, 2001 ) and PP (Walsh et al., 2003) , especially when CDOM is distributed homogeneously in the water column (Arrigo and Brown, 1996) . PAR-based models that do not account for the spectral dependency of light in the water column or light models that do not account for absorption by CDOM can cause gross overestimates in PP (Aguirre-Hernandez et al., 2004; Raateoja et al., 2004) . Mitchelson et al., (Mitchelson et al., 1986) however, found that CDOM and TSM accounted for a negligible amount of noise in Chl a algorithms that use 440:550 band ratios in the Irish Sea and suggested that case 1 algorithms of Chl a are appropriate for this area. We found that if we did not include the CDOM absorption term in the PP model, there was a high RMS and large offset (Fig. 6a) . In the Irish Sea in 2001, TSM was relatively low and if we included the scattering term as well as the absorption term, the RMS was not significantly different although the intercept was smaller (Fig. 6c) . Bergmann et al. (Bergmann et al., 2004) found a very good agreement between measured apparent optical properties (AOP) and HYDROLIGHT radiative transfer model output across a wide range of optical conditions in southern Lake Michigan. Using both the HYDROLIGHT output and AOP measurements, they found that high sediment plumes had a negligible effect on the spectral light environment and resulting phytoplankton production. By contrast, Arrigo and Brown (Arrigo and Brown, 1996) suggested that vertically homogeneous CDOM causes a significant inhibition of PP, and our observations support this (Fig. 6) . We found that the use of a case 1 light field in PP algorithms overestimated PP in the Irish Sea especially during the spring (Fig. 5a ). The use of a radiative transfer model, to estimate the light available for photosynthesis in the presence of CDOM and TSM, coupled with the production model of Morel (Morel, 1991) , improved estimates of PP. Although the a ph -Chl a relationship for the Irish Sea (Fig. 4a) was lower, there was no significant difference between this and the Bricaud et al. (Bricaud et al., 1995) reference model and as a consequence including the Irish Sea relationship in the model did not significantly improve the results (Fig. 6d) . Although the VGPM model with P B opt from the photoacclimation model gave a low RMS, the slope and the intercept were high (Fig. 5d ) which reduced its predictive capability. This algorithm also requires prior knowledge of in situ concentrations of nutrients which prevents its use with just satellite data. Synoptic spatial and temporal maps of PP in the Irish Sea, derived from satellite data coupled with the production model of Morel (Morel, 1991) , showed comparatively high PP in the gyre in May and lower PP in the North and St. George's Channel and east of the gyre front. By July, PP had decreased in the North and St. George's Channel and increased on the western English Coast (Fig. 7b) . The satellite maps of PP were 65% accurate, and if two outliers were removed the accuracy increased to >75% (Fig. 7c) . These maps could be produced routinely using the look-up table approach based on CDOM and Chl a to estimate K d , described in this article and in Smyth et al. (Smyth et al., 2005) , and the case 2 Chl a products now available from MERIS and MODIS.
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